In maturation process of tracheary element (TE) differentiation, many hydrolases are activated to execute programmed cell death of TEs. Such hydrolases are released from maturing TEs into extracellular space. The release of hydrolases should be harmful to surrounding cells. The TED4 protein, a tentative plant non-specific lipid transfer protein that is expressed preferentially in TE-induced culture of zinnia (Zinnia elegans L.), is secreted into the apoplastic space prior to and associated with morphological changes of TEs. Our studies on the interrelationship between the TED4 protein and proteolytic activities using an in vitro TE differentiation system of zinnia revealed the following facts. 
Introduction
Programmed cell death (PCD) is required for normal development and adaptation to many environmental stresses in plants as well as animals. Tracheary element (TE) differentiation is a typical PCD of plants, which makes hollow corpses that conduct water and nutrient in vascular systems (Fukuda 1996 , Fukuda 1997 . Several hydrolases including proteases and nucleases have been identified as executive components of PCD during TE differentiation in recent years (Thelen and Northcote 1989 , Minami and Fukuda 1995 , Ye and Droste 1996 , Ye and Varner 1996 , Beers and Freeman 1997 , Aoyagi et al. 1998 . Such hydrolases are considered to accumulate in the vacuole and function in degradation of cell contents after disintegration of tonoplast of TEs (Fukuda 1997 , Kuriyama 1999 .
In animal PCD such as apoptosis, it is well known that many types of proteases play key roles in specific processes of PCD, for example, caspases in the initiation of PCD (Kidd 1998) and cathepsins in degradation of cell contents (Odaka and Mizuochi 1999) . These proteolytic activities are controlled strictly in dying cells and even in apoptotic bodies as well as in neighboring cells or macrophages which extinguish apoptotic bodies. In contrast to apoptosis, leakage of cell contents from dying cells causes inflammatory injury for other living cells in necrosis. Swelling and subsequent rupture of the nucleus, organelles, and the plasma membrane of dying cells is one of the morphological features of necrosis (Wyllie et al. 1980) . Interestingly, degradation of organelles during autolysis of differentiating TEs is similar to that in necrosis (Fukuda 1996) . During PCD of TEs, neither apoptotic bodies nor macrophages appeared (Groover et al. 1997) . Because mature TEs become hollow corpses, cell contents may be dispersed after the plasma membrane of dying TEs ruptures. Indeed, Beers and Freeman (1997) suggested that intracellular proteases may be leaked from cells following autolysis during TE differentiation in zinnia. However, little is known about a molecular mechanism for neighboring cells to avoid the injury due to noxious contents from TEs.
We previously identified several genes that were expressed specifically in the vascular tissues Fukuda 1993, Demura and Fukuda 1994) . Of them, TED4 gene encoding a protein with a similarity with a barley non-specific lipid transfer protein (nsLTP) encoded by B11E Fukuda 1993, Ye and Varner 1993) is expressed in immature xylem cells and cambial cells in young zinnia plants and cells differentiating into TEs in a zinnia culture (Demura and Fukuda 1994) . The TED4 protein is secreted from immature xylem cells and differentiating TEs to the apoplastic space and accumulates in culture medium before TE-specific secondary wall thickenings begin in the zinnia culture system (S. Endo, J. Nakashima, T. Demura and H. Fukuda, unpublished data) . Because Jones (Jones 1995a , Jones 1995b , Jones 1997 found that the nsLTPs directly inhibit protease activities in green malt, the TED4 protein may suppress activities of proteases in apoplastic space. In this point of view, we characterized the inhibitory activity of the TED4 protein against proteases and succeeded in indicating a role of the TED4 protein in suppressing proteasome activity to protect living cells from undesirable injury due to proteolytic activities exudated from dying TEs.
Materials and Methods

Plant materials and culture methods
Zinnia elegans L. cv Canary Bird (Takii Shubyo, Kyoto) was used in all experiments. The isolation and culture of zinnia mesophyll cells were performed as described Komamine 1980, Shinohara et al. 2000) . For analysis of effects of the TED4 protein on the proteasome activities in the culture medium, cells cultured for 56 h were collected by centrifugation, washed with a fresh culture medium (pH 5.0) and cultured again in the fresh culture medium. Two-weekold zinnia plants were grown on vermiculite in a growth chamber (14 h light at 100 mmol m -2 s -1 and 10 h dark at 25°C) and used for preparation of paraffin sections.
Preparation of recombinant proteins
Two kinds of recombinant proteins, dihydrofolate reductase (DHFR)-TED4 and glutathione S-transferase (GST)-TED4, were prepared as follows, which include the full (Ala12 to Cys 95) and a portion (Leu35 to Cys95) of the putative mature TED4 protein, respectively. From the full-length TED4 cDNA that had been cloned into the EcoRI sites of pBluescripts (Stratagene) (Demura and Fukuda 1993) , cDNA fragments between PstI or PvuII site in the open reading frame and HindIII or SalI site in the multicloning sites were excised and then inserted in pQE40 (QIAGEN) or pGEX4T-2 (Amerhsam Pharmacia), giving two kinds of plasmids, pQE-TED4 and pGEX-TED4, respectively. The pQE-TED4 and pGEX-TED4 were introduced into E. coli strains, M15 and BL21, respectively. The fusion proteins, DHFR-TED4 and GST-TED4, produced in these E. coli strains were purified with Ni-NTA-Agarose columns (QIAGEN) and Glutathione-Sepharose columns (Amersham Pharmacia), respectively, according to the manufacturer's instructions. The DHFR and GST were prepared using pQE40 and pGEX4T-2, respectively, according to the manufacture's instruction.
Assay of inhibitory effects of the TED4 protein on endopeptidase activity in crude extract from cultured zinnia cells
Cells cultured for 60 h were ultrasonically homogenized in a homogenization buffer (0.1 M sodium phosphate buffer, pH 7.0, 1 mM dithiothreitol, and 1 mM EDTA). After centrifugation, the resultant supernatant was used for assays of inhibitory effects of the TED4 protein on endopeptidase activity during TE differentiation as a crude extract. Endopeptidase activities were assayed as described by Minami and Fukuda (1995) with some modifications. The reaction mixture for the assays consisted of 0.1 M sodium acetate buffer (pH 5.0), 1 mM dithiothreitol, 20 mM Z-Phe-Arg-MCA (Peptide Institute), the crude extract containing 50 mg total protein, and the recombinant proteins. Immediately after the addition of the crude extract and the recombinant proteins, the increase in emission at 460 nm with excitation at 380 nm was monitored for 2 min.
Affinity purification of the TED4-binding proteins
Cells that had been cultured for 60 h were ultrasonically homogenized in the homogenization buffer and a crude extract was prepared by removing debris by centifugation. After precipitation of proteins in the crude extract with ammonium sulfate (90% saturation), the proteins were dissolved in 20 mM sodium phosphate buffer (pH 7.0) and then the solution was desalted by gel filtration on a PD-10 column (Amersham Pharmacia). The desalted solution was applied to a column of CM-Sepharose FF (Amersham Pharmacia) that had been equilibrated with 20 mM sodium phosphate buffer (pH 7.0). The column was washed with 20 mM sodium phosphate buffer (pH 7.0), and eluted with 0.5 M NaCl in 20 mM sodium phosphate buffer (pH 7.0). The GST and GST-TED4 were bound to CNBr-activated Sepharose (Amer- sham Pharmacia) according to manufacture's instruction to prepare GST-and GST-TED4-Sepharose columns, using which further purification was carried out. The fraction eluted with 0.5 M NaCl from the CM-Sepharose column was desalted by gel filtration on a PD-10 column, and applied to the GST-Sepharose column. The flow-through from the GST-Sepharose column was applied to the GST-TED4-Sepharose column. After extensive wash with 0.5 M NaCl in 20 mM sodium phosphate buffer (pH 7.0), proteins bound to the GST-TED4-Sepharose column were eluted with 7 M Urea in 100 mM glycine-HCl buffer (pH 3.0).
Electrophoresis
Electrophoresis under denaturing conditions was carried out by Tricine-SDS-PAGE according to Hermann and Gebhard (1987) . As the first step of two-dimensional electrophoresis, isoelectric focusing was performed using non-linear Immobiline DryStrip for pH 3-10 (Amersham Pharmacia), and the second step was carried out by Tricine-SDS-PAGE.
Preparation of antibodies and antibody-Sepharose columns
The DEHR-TED4 was used to immunize rats or rabbits, from whose antiserum the TED4 protein-specific antibody was purified using two steps of affinity chromatography. The DHFR and the GST-TED4 were bound to CNBr-activated Sepharose, from which DHFRand GST-TED4-Sepharose columns were prepared, respectively. Antibodies against the DHFR that would be contained in the antiserum were removed with the DHFR-Sepharose column, and then an antibody against the TED4 protein was collected with the GST-TED4-Sepharose column. The solution of the TED4 protein-specific antibody eluted from the GST-TED4-Sepharose column with 100 mM glycine-HCl (pH 2.5) was immediately neutralized with 1.5 M TrisHCl (pH 8.0). The rabbit anti-TED4 antibody was used for immunoblot analysis. The rat anti-TED4 antibody or a rat anti-mouse IgG1 monoclonal antibody (Cymbus Biotechnology) was bound covalently to CNBr-Sepharose to generate antibody-Sepharose columns. For antiserum raised against the C2 subunit of proteasome from rice in a rabbit with GST-C2 fusion protein (Umeda et al. 1997a , Umeda et al. 1997b ), non-specific antibodies were removed using a Sepharose column to which total proteins extracted from E. coli expressing GST was conjugated.
Immunoblot analysis
Protein extracts from zinnia cells were prepared by sonicating the cells in an extraction buffer containing 100 mM Tris-HCl (pH 7.5), 10 mg ml -1 polyvinylpolypyrrolidone, and protease inhibitor cocktail (Sigma). The extracts were centrifuged at 12,000´g for 20 min and the supernatant was collected as a soluble protein fraction. Culture medium was collected from suspension by centrifugation, to which EDTA (pH 8.0) was added at the final concentration of 5 mM. The culture medium was filtrated with 0.45 mm PVDF membrane, and proteins contained in the filtrated culture medium was precipitated with ammonium sulfate (90% saturation). Proteins separated by tricine-SDS-PAGE (Hermann and Gebhard 1987) were blotted on nitrocellulose membranes. Detection of the TED4 protein and C2 subunit on the membranes was carried out using ECL (Amersham Pharmacia) according to the manufacturer's protocol.
Immunoaffinity purification of a complex including the TED4 protein
Proteins precipitated from culture medium by ammonium sulfate as described above at 60 h of culture were dissolved in Tris-buffered saline, concentrated on Biomax-100 (Millipore), and applied to the rat anti-TED4 antibody-Sepharose column or the rat anti-IgG1 antibodySepharose column that had been equilibrated with 10 mM Tris-HCl (pH 7.5). After washing the columns with 0.5 M NaCl in 10 mM TrisHCl (pH 7.5), proteins bound to these columns were eluted with 100 mM glycine-HCl (pH 2.5).
Preparation of samples for light microscopic observation
Fixation and sectioning of zinnia plants were performed as described (Demura and Fukuda 1994) . The paraffin sections were incubated in PBST (PBS supplemented with 0.05% Tween-20) supplemented with normal goat serum (Vector) as a blocking reagent for 60 min at room temperature, and then incubated with PBST supplemented with the blocking reagent and the anti-C2 antibody at 4°C for
Fig. 2
Purification of TED4-binding proteins from cultured zinnia cells. Soluble proteins extracted from zinnia cells that had been cultured for 60 h in differentiation-induced medium were subjected to a CM-Sepharose column and subsequently to a GST-Sepharose column. The flowthrough from the GST-Sepharose column was subjected to a GST-TED4-Sepharose column. The proteins bound to the GST-Sepharose column (A, lane 1) and to the GST-TED4-Sepharose column (A, lane 2, B) were eluted with 7 M Urea in 100 mM glycine-HCl (pH 3), separated by Tricine-SDS-PAGE (A) or by two-dimensional electrophoresis (B), and visualized by silver staining.
16 h. After washing with PBST, the antigen-antibody complex was detected using ABC-PO kit (Vector) according to the manufacturer's instructions.
Determination of rate of TEs and mortality
For quantitative evaluation of rate of TEs and mortality, TEs, living cells, and dead cells were counted under light microscopy. Cells were incubated with Evan's blue (0.005%) for 3 min at room temperature just prior to counting. Dead cells include plasmolyzed non-TE cells and/or Evan's blue-stained non-TE cells. Rate of TEs was defined as the percentage of TEs in total cells including dead cells. Mortality was defined as the percentage of dead cells in the total cells.
Assay of endopeptidase activity in culture medium of zinnia cultures
Culture medium was collected by centifugation, and filtrated with 0.45 mm PVDF membrane. For measurement of hydrolytic activity against Z-Phe-Arg-MCA, Z-Phe-Arg-MCA (final 20 mM) and 2 mM dithiothreitol were added to the medium with lactacystin (2 mM) and/or GST-TED4 (2 mM), and increase in emission at 460 nm with excitation at 380 nm was monitored.
The pH of culture medium that had been collected and filtrated was elevated to around 7.5 with 1 M Tris-HCl (pH 7.5). To the pH-elevated culture medium, dithiothreitol (final 2 mM) was added with 2 mM lactacystin, GST, or GST-TED4, and incubated at 30°C for 1 min. After addition of one of three MCA substrates (Suc-Leu-LeuVal-Tyr-MCA, Boc-Phe-Ser-Arg-MCA, and Z-Leu-Leu-Glu-MCA; Peptide Institute) to the incubated medium, increase in emission at 460 nm with excitation at 380 nm was monitored. Amounts of 7-amino-4-methylcoumarin (AMC) formed were determined from a standard curve obtained with known amounts of AMC.
Results
The TED4 protein inhibits a peptidase activity TE-specific hydrolytic activity against Z-Phe-Arg-MCA at pH 5 increased transiently in association with the time of TE differentiation in the zinnia system (Minami and Fukuda 1995) . To investigate whether the TED4 protein can suppress the hydrolytic activity, two kinds of recombinant proteins, dihydrofolate reductase (DHFR)-TED4 and glutathione-S-transferase (GST)-TED4, were constructed to include the full (Ala12 to Cys95) and a portion (Leu35 to Cys95) of the putative mature TED4 protein, respectively. Both of the two TED4 recombinant proteins inhibited about 20-25% of the hydrolytic activity contained in crude extracts from zinnia cells that had been cultured in a differentiation-induced medium for 60 h, although DHFR or GST itself did not prevent the activity at all (Fig. 1) .
The TED4 protein binds to proteasome-like proteins
To identify proteins that interact with the TED4 protein in the crude extracts, affinity purification was carried out (Fig. 2) . After removing GST-binding proteins in crude extracts of cultured zinnia cells by subjecting to a GST-Sepharose column, the flow-through from the GST-Sepharose column was subjected to a GST-TED4-Sepharose column. The TED4-binding proteins were eluted with 7 M urea in 100 mM glycine-HCl (pH 3) from the GST-TED4-Sepharose column. The separation of the eluted proteins by SDS-PAGE revealed several proteins, in particular highly expressed proteins with molecular masses in the range of 21-32 kDa (Fig. 2A, lane 2) . The highly expressed proteins were separated into more than 20 spots by two-dimensional electrophoresis (Fig. 2B) . Because this electrophoretic mobility of the proteins was quite similar to that of 20S proteasome from pea (Skoda and Malek 1992) , spinach (Ozaki et al. 1992) , and wheat (Murray et al. 1997) , we further examined the relationship between the TED4 protein and proteasome.
Lactacystin is known to inhibit irreversibly all three distinct peptidase activities of proteasome (trypsin-like, chymotrypsin-like, and peptidylglutamyl-peptide bond-hydrolyzing activities) by binding covalently to the amino-terminal Thr residue of the >-subunits (Fenteany et al. 1995, Lee and Goldberg 1998) . Therefore the inhibitory effect of lactacystin on the ZPhe-Arg-MCA-hydrolyzing activity contained in crude extracts from zinnia cells was compared with that of the TED4 protein.
Lactacystin inhibited the hydrolytic activity, of which the maximum inhibition was almost the same as that of DHFR-TED4, although lactacystin was effective at less concentration (Fig.  3A) . A concurrent addition of DHFR-TED4 and lactacystin revealed that DHFR-TED4 did not add further inhibitory effect over the inhibition of the hydrolytic activity caused by lactacystin (Fig. 3B) . These results strongly suggest that the TED4 protein and lactacystin act at the same target(s), probably at proteasome, in the crude extracts.
The TED4 protein forms a complex with proteasome in extracellular space
Because the TED4 protein is secreted to culture medium (S. Endo, J. Nakashima, T. Demura and H. Fukuda, unpublished data) , the TED4 protein and proteasome may interact with each other in extracellular space. Using an anti-TED4 antibody as an affinity ligand, we examined the presence of a complex of the TED4 protein and the TED4-binding proteins in culture medium in which zinnia cells had been cultured for 60 h (Fig. 4) . Medium proteins precipitated by ammonium sulfate were applied to a rat anti-TED4 antibody-Sepharose column or a rat anti-mouse IgG1 antibody-Sepharose column as a control. Proteins with molecular mass of 25-32 kDa, which were similar to the proteins binding to the TED4 protein in crude extracts ( Fig. 2A) , were eluted abundantly from the anti-TED4 antibody-Sepharose column (Fig. 4A) but not from the control column. C2 subunit is one of alpha subunits of 20S pro- teasome (Fu et al. 1998 ). Antibodies against a fusion protein of a rice C2 subunit and GST had been raised in a rabbit (Umeda et al. 1997a , Umeda et al. 1997b ). For applying it to zinnia, the antibodies were further purified as described in Materials and Methods. As a result, the purified antibody recognized a single protein on SDS-PAGE (cf. Fig. 5 ). Immunoblot analysis with the purified anti-C2 antibody demonstrated that the C2 subunit of proteasome existed in the 25-32 kDa proteins that bound specifically to the anti-TED4 antibody-Sepharose column (Fig.  4B) . The more or less smeared signal of the C2 subunit may be due to the degradation of the protein to some extent during autolysis and/or purification steps. The TED4 protein was also co-purified with the C2 subunit (Fig. 4C) . These results suggest that the TED4 protein and proteasome form a complex in culture medium in which TE differentiation is progressing.
Proteasome accumulates preferentially in differentiating TEs and functions in programmed cell death process
To know if proteasome is involved in programmed cell death during TE differentiation, the accumulation of proteasome is examined with the purified anti-C2 antibody. The C2 subunit increased rapidly after 24 h of culture, prior to TE formation (Fig. 5A) . Immunostaining of sections of zinnia plants with the anti-C2 antibody demonstrated that preferential accumulation of the C2 subunit occurred in the cytoplasm of differentiating TEs, although the C2 subunit also accumulated in nuclei of several types of immature xylem cells and xylem parenchyma cells (Fig. 6) .
To give information about the involvement of proteasome in PCD during TE differentiation, the effect of lactacystin on PCD was investigated (Fig. 7) . The loss of the plasma membrane integrity was monitored by Evan's blue (Gaff and Okong'o-Ogola 1971, Taylor and West 1980 ). Evan's blue staining displayed three types of TEs, non-stained living TEs, stained dying TEs, and non-stained hollow dead TEs. When 20 mM lactacystin was added to culture medium at 48 h of culture, the lactacystin significantly (P<0.01 at 72 h and 96 h, two sample t test) increased the percentage of dying TEs and significantly (P<0.02 at 72 h and 96 h) delayed the formation of dead TEs, although it did not affect the time course of secondary wall formation or of the formation of living TEs. This result indicated that the inhibition of proteasome activity prolonged cell death process during TE differentiation, which suggests the involvement of proteasome in PCD during TE differentiation.
The TED4 protein inhibits activities of proteasome in extracellular space
As the first step to investigate whether the secreted TED4 protein can function in suppression of proteolytic activity in extracellular space, changes in hydrolytic activity against ZPhe-Arg-MCA in culture medium were examined during TE differentiation (Fig. 8A) . The hydrolytic activity was undetectable until 52 h of culture and appeared after 56 h, several hours later than visible secondary wall formation starts. Because the loss of cell contents of TEs occurs 6 h after visible secondary wall formation starts, the increase in the hydrolytic activity seems to result from the release of cell contents containing proteases from dying TEs. To examine if the TED4 protein can suppress the hydrolytic activity, the following experiments were performed. Because the TED4 protein was secreted and accumulated before the release of the proteolytic activity (Fig.  8B, lane 1) , it was difficult to analyze the inhibitory effect of further supplemented TED4 protein on the activity. Therefore the TED4 protein was depleted by exchanging the culture medium to a fresh medium at 56 h of culture when the proteolytic activity had not been released yet. This exchanging of the medium at 56 h of culture resulted in keeping the very low level of the TED4 protein in the medium at least until 72 h of culture (Fig. 8B, lane 3) . The hydrolytic activity against Z-PheArg-MCA at around pH 5 expressed under this condition was examined for the inhibition by lactacystin and the TED4 protein (Fig. 8A, C) . Although lactacystin did not inhibit the hydrolytic activity in culture medium which the TED4 protein had not been depleted from, it inhibited partially the activity in the TED4-depleted medium. The GST-TED4 protein also suppressed the proteolytic activity in the TED4-depleted medium, while it did not inhibit the activity in the TED4-depleted medium that had been pretreated with lactacystin.
It is generally accepted that proteasome can hydrolyze Suc-Leu-Leu-Val-Tyr-MCA, Boc-Phe-Ser-Arg-MCA, and ZLeu-Leu-Glu-MCA at neutral or alkaline pH. The hydrolytic activities in the TED4-depleted medium were measured using these three substrates at neutral pH (Fig. 9) . The hydrolytic activity against Suc-Leu-Leu-Val-Tyr-MCA was not observed when the TED4 protein was not depleted from culture medium (Fig. 9A) . The hydrolytic activity in the TED4-depleted medium was suppressed by lactacystin and the GST-TED4 protein but not by GST. By contrast the hydrolytic activity against Boc-Phe-Ser-Arg-MCA and Z-Leu-Leu-Glu-MCA in the TED4-depleted medium were not prevented by lactacystin (Fig. 9B, C) .
These results indicated that proteasome has proteolytic activities even in culture medium and strongly suggested that the TED4 protein acted as an inhibitor of proteasome in culture medium.
The TED4 protein in culture medium protects living cells from the injury toward cell death
To know if the TED4 protein functions in protecting living cells from injury caused by hydrolytic activities that dying TEs flow out, cell mortality was examined in the TED4-depleted medium supplemented with the GST-TED4 or GST (Fig. 10) . The depletion of the TED4 protein caused the increase in mortality. The GST-TED4 restored the increase in mortality, but the GST did not. This result implies that the TED4 protein secreted in culture medium may function in protecting living cells from hydrolytic activities released from dying TEs.
Discussion
Differentiating TEs lose their cell contents to form conductive elements. In the maturation process of TEs, many hydrolases are activated to work at autolysis. Such hydrolases are released from maturing TEs into extracellular space. The release of hydrolases should be harmful to surrounding cells. We assume that because cell death of TEs is programmed as a developmental event, some safety mechanism may also be programmed to avoid the injury caused by the release of hydrolases. In this point of view, we found that the TED4 protein acted as an inhibitor of proteasome that was released from dying TEs (Fig. 4, 8, 9) , and contributed for survival of non-TE cells in the zinnia culture system (Fig. 10) .
26S proteasome composed of 20S proteasome and 19S regulatory complexes degrades proteins covalently modified with one or more ubiquitins in an ATP-dependent manner . The TED4-depleted medium was prepared by exchanging medium at 56 h of culture. At 72 h of culture, hydrolytic activities in the TED4-depleted medium (Depleted) and untreated culture medium (Non-depleted) were measured with or without 2 mM lactacystin or 2 mM GST-TED4. In "Depleted, + lactacystin" treatment, culture medium was pretreated with 2 mM lactacystin just prior to measuring the inhibitory effect of GST-TED4 on hydrolytic activities of the samples. The reduced hydrolytic activities by indicated additives were presented as percentages of inhibition. Data are the means of six replicates and bars represent SE. An asterisk denotes a significant effectiveness of lactacystin or GST-TED4 on hydrolytic activity of indicated medium (P<0.02, one sample t test). The experiment was at least repeated twice yielding similar results. (Hochstrasser 1995) . The ATP-dependent ubiquitin/26S proteasome pathway has been indicated to play a pivotal role in various events such as regulation of cell cycle and response to wounding in plants (Vierstra 1996 , Genschik et al. 1998 , Ito et al. 1999 . Woffenden et al. (1998) also suggested using lactacystin that proteasome function was required for both induction and progression of TE differentiation. Our experiments with an anti-C2 subunit antibody indicated that proteasome accumulated in association with TE differentiation (Fig. 5) and was preferentially localized to the cytoplasm of differentiating TEs (Fig. 6) , supporting their finding indirectly. Interestingly, 20 mM lactacystin delayed autolysis in differentiating TEs (Fig.  7) , although the autolysis was not delayed by 4 mM of lactacystin that was used by Woffenden et al. (1998) . This result implies that proteasome functions in autolysis during TE differentiation.
Proteasome was co-purified from culture medium with the TED4 protein, showing that proteasome is released into culture medium during TE differentiation (Fig. 4) . The lactacystinsensitive activity in the TED4-depleted medium was detected both using Z-Phe-Arg-MCA as a substrate at around pH 5 and using Suc-Leu-Leu-Val-Tyr-MCA at pH 7.5 (Fig. 8, 9 ). Under neutral condition, proteasome normally hydrolyzes various peptides including artificial substrates such as Suc-Leu-Leu-ValTyr-MCA and Pro-Phe-Arg-MCA which is similar to Z-PheArg-MCA we used (Ustrell et al. 1995) . However, it is also known that proteasome can function even at acidic pH (Mason 1990 , Figueiredo-Pereira et al. 1995 . These results indicate that proteasome is still active in culture medium. Taken together with the fact that these hydrolytic activities specifically appeared in the medium in which TE differentiation was progressing, our findings strongly suggest that maturing TEs release active proteasome into apoplastic space through pores that are formed at final stage of cell death of TEs (Nakashima et al. 2000) . It is known that 26S proteasome dissociates to 20S proteasome in the absence of ATP in vitro (Ganoth et al. 1988 , Yang et al. 1995 and that 20S proteasome hydrolyzes peptides in an ubiquitin-independent manner in the absence of ATP (Watanabe and Yamada 1996) . Because we could measure proteasome activity in the absence of ATP in culture medium, proteasome may be the 20S form in the medium.
The TED4 protein bound to proteasome in crude extracts (Fig. 2 ) and culture medium (Fig. 4) , and preferentially inhibited the hydrolytic activities of proteasome in crude extracts (Fig. 3 ) and culture medium (Fig. 8, 9 ). Because the Suc-LeuLeu-Val-Tyr-MCA-hydrolyzing activity in culture medium was found only when the TED4 protein was depleted from the medium, the TED4 protein may be a specific proteinaceous inhibitor against proteasome activity in culture medium. The increased mortality of zinnia cells by the depletion of the TED4 protein (Fig. 10 ) strongly suggests the importance of strict control of proteasome activity in cell viability in extracellular space.
In inflammation of mammalian tissues, proteases exudated accidentally from injured cells cause extensive damages on the tissues. Many protease inhibitors are expressed during inflammation and some inhibit the activities of the accidentally exudated proteases (Henskens et al. 1996) . We for the first time indicated that similar cell death-dependent expression occurs in PCD of plants. Only but important difference is that the TED4 protein accumulates prior to the release of proteases from dying TEs, protecting living cells from harmful proteases in apoplastic space. This safety mechanism is considered to be unique to plant PCD, because, in animal PCD, dead cells are eliminated by their surrounding cells without such release of cell contents. Immunolocalization analysis has revealed that the TED4 protein accumulates around special vascular cells which include TEs, sieve elements, and fiber cells from their immature stages (S. Endo, J. Nakashima, T. Demura and H. Fukuda, unpublished data) , suggesting that the TED4 protein is involved in not only PCD of TEs but also PCD of fiber cells.
The TED4 protein belongs to plant nsLTPs in view of amino acid sequences. Several functions have been proposed for plant nsLTPs (Kader 1996) . Of them, certain nsLTPs were shown to be expressed preferentially in the tapetum, the aleurone layer, or the nucellus that was developmentally destined to degenerate (Koltunow et al. 1990 , Skriver et al. 1992 , Chen and Foolad 1999 , and then the nsLTPs are presumed to be associated with developmentally programmed cell death. Jones (Jones 1995a , Jones 1995b , Jones 1997 found that two barley nsLTPs, LTP1 and LTP2 that were expressed preferentially in aleurone cells, inhibited cysteine endoproteinase activities in green malt. With respect to plant PCD induced by microorganisms, it has also been reported that two nsLTPs from sugar beet, IWF1 and IWF2, are localized to autolyzing cells induced in response to fungal infection (Nielsen et al. 1996) . These facts suggest that not only the TED4 protein but also other nsLTPs function as protease inhibitors with different specificity to protect living cells from harmful effects of exudated proteases from dying cells.
In addition to proteasome, other proteases including cysteine proteases and serine proteases are known to be involved in autolysis of TEs (Minami and Fukuda 1995 , Ye and Varner 1996 , Beers and Freeman 1997 , Groover and Jones 1999 . Such proteases may also be controlled by a safety mechanism similar to that with the TED4 protein. Future studies on interactions between hydrolases and their inhibitors in extracellular space are needed to understand the involvement of such safety mechanism in general PCD in plants as well as PCD of TEs. Fig. 10 Effects of depletion of the TED4 protein from culture medium on mortality of non-TE cells. Cell density was 4.7´10 4 cells ml -1 at the start of culture. Culture medium was exchanged to fresh medium (Depleted) with or without recombinant proteins, GST and GST-TED4, at 56 h of culture. Mortality was measured as a percentage of Evan's blue-stained and/or broken non-TE cells per total zinnia cells at 96 h of culture. Data are the means of six replicates and bars represent SE. Values carrying different letters are significantly different (P<0.001, two sample t test). The experiment was repeated three times yielding similar results.
